Colloidal quantum dots (CQDs) are attractive materials for use in photovoltaic devices due to their facile solution processing, low material cost, and quantum-size-effect bandgap tunability [1, 2] . Rapid progress in CQD photovoltaic device architectures and improvements in electronic material properties has led to certified AM 1.5 solar power conversion efficiencies of 8.5% [3] .
In addition to the need to engineer materials properties and device architectures, it is important also to optimize the interface between the metal oxide electrode and the CQD absorber with the goal of improving electron extraction and slowing recombination [4] .
The majority of devices reported to date have relied on the depleted-heterojunction architecture, wherein a p-type CQD solid forms a charge-separating heterojunction with a ntype TiO2 or ZnO bulk transparent semiconductor [3, 5, 6] . Efficient electron transfer from the CQD solid to the electrode is an essential process in depleted heterojunction architecture [7] .
The rate of electron transfer crucially competes with charge recombination during device operation. In addition, in the depleted-heterojunction structure, interface recombination can still occur when photoelectrons that have drifted or diffused to the TiO2 recombine at or near that interface with photoholes in the CQD solid. This can limit the separation of the quasiFermi levels and reduce extracted current-carrying charge carriers [8, 9] . In the related field of dye-sensitized solar cells, much attention -including experimental characterization, modeling, and process improvement -has been devoted to alleviating recombination at the TiO2 electrode / dye absorber interface [10] .
Recombination at the electrode : absorber heterointerface can be modeled using a modified Shockley-Read-Hall model [11] . In this picture, reduction of interface recombination can be achieved by reducing interface carrier densities and surface recombination velocities [8] (Supporting information Equation 2 ).
Modification of the interface by introduction of a buffer layer between TiO2 and the CQD film may serve to reduce interface recombination by lowing the electrode trap density and interface carrier density. The energetics of these interfaces must be finely adjusted to ensure that electrons injected into the electron acceptor are extracted prior to encountering a hole.
Modifying the interface between TiO2 and CQDs with an ultra thin ALD ZnO buffer layer with lower surface recombination velocity can reduce the interface recombination and
improve the cell open-circuit voltage (Voc). To accomplish this, the interface buffer layer is required to be not only trap-free but also properly aligned with the energy levels of TiO2 and CQDs ( Figure 1 ) [12] . Unfavorable band alignment between ZnO and TiO2 was previously found to compromise the short-circuit current (Jsc), resulting in only minor improvements in overall power conversion efficiency (PCE) [13] .
We explore herein a new interface buffer layer with low trap density and exhibiting an electron affinity that lies that of TiO2 (~4.1eV) and CQDs (~3.9 eV) ( Figure 1 ).
CQDs blended with organic semiconductors represent a novel class of hybrid materials for optoelectronics with the potential for improved charge transport properties as well as extended and tailorable functionalities [14] . Previous works have reported a promising hybrid composite consisting of PbS CQDs and [6, 6] -phenyl-61-butyric acid methyl ester (PCBM) [15] .
The results showed that highly efficient and ultrafast electron injection takes place between PbS CQDs and PCBM, as judged from photoluminescence quenching measurements [16] . In particular, PCBM's lowest unoccupied molecular orbital (LUMO) is around -4.0 eV [17] , which fits well with the electron affinity requirement for interface buffer layer discussed before. PCBM is also a primary choice for electron transport material in organic photovoltaics due to its low trap density and excellent electron transport ability [18] . These characteristics make PBCM an ideal candidate using as interface buffer layer in CQD solar cell ( Figure S1 ).
To investigate PCBM as candidate buffer layers in PbS CQD solar cells, we spin-cast an ultra thin PCBM layer on a TiO2 electrode, producing a PCBM layer with average thickness 10 ±2 nm. We then added a 300 nm thick PbS CQDs layer followed by a top ohmic contact using procedures reported previously [5] . As shown in Figure 2 , initial device results demonstrated that the PCBM buffer layer led to only marginally improved power conversion efficiency through a combination of enhancements in fill factor (FF) and short-circuit current density (Jsc). Unfortunately, improvements were inconsistent from pixel to pixel on the same substrate, which we ascribe to alow thickness of the PCBM layer that could not fully encapsulate the rough TiO2 surface and provide reliable interface passivation.
In order to achieve a reproducible and significant improvement in performance, we explored the role of PCBM layer thickness. We prepared and test devices with around 20, 40 and 100 nm thick PCBM layers (Table S1 ). The result showed that increasing the PCBM layer thickness lead to a decrease in device performance, mainly due to a loss in Jsc (Table S1 ).
To understand the origin of Jsc reduction with increasing PCBM thickness, we carried out electro-optical simulations [19, 20] . The net doping level for PCBM is near-intrinsic (n~10 15 ) [21] .
As shown in Figure 3a , the depletion region in the CQD film will shrink with increasing thickness of intrinsic PCBM, militating against charge extraction from the CQD layer: with less electric field in the device,extraction is limited to the carrier diffusion length of ~100 nm [22] .
Modeling suggested that n-doping of the PCBM could alleviate the problem, making PCBM part of the (free-carrier-rich) electrode rather than an additional member of the (depleted) active layer (Figure 3b ).
Doping of solution-processed n-type semiconductors [23] such as fullerenes can be achieved via blending PCBM and tetrabutylammonium salts (TBAX) to achieve high conductivity [24] .
Effective electron transfer between the halide X and PCBM induces effective doping [24, 32] .
Meanwhile, in this work, the halide is also known to improve passivation of CQDs, leading to the stable n-type doping CQDs, which renders the approach highly compatible with the intended optimized device fabrication. We used tetrabutylammonium iodide (TBAI) salt and followed established procedures [21] . Hall effect measurements on the PCBM layer proved that its doping density increased from 10 15 to 10 18 cm -3 after TBAI treatment, in good agreement with previous results ( Figure S1 ). To avoid losing the halide and thus doping of PCBM layer under the follow-up MPA treatment ( Figure S3 and Figure S4 ), we treated the first two CQD layers with TBAI, and then followed with 8 layers treated using the regular MPA process to provide the required p-type doping to CQDs ( Figure S7 ).
The device was characterized under AM 1.5 simulated solar illumination. Figure 4 reports current-voltage plot for these devices. An overall, statistically-singificant PCE enhancement of 20% was observed for the devices with the n-doped PCBM layer compared to the control device (Table S2 ). Uncertainties were calculated by obtaining the standard deviation across sixteen pixels fabricated on the same substrate and fabrication run. A champion doped-PCBM-based device efficiency of 8.9% ( Figure S5 ). The enhancement was due to improvement in both Jsc and FF. These results are in good agreement with simulation, which shows that n-doping of PCBM maximized the depletion region in CQD layer allowing for better charge extraction from CQDs -consistent with our experimental observation of both improved Jsc and FF.
To better understand how the addition of n-doping PCBM leads to improved performance, we carried out light-biased Voc transient analysis [25] . Transient photovoltage measurements were used to measure the recombination rate as a function of Voc. The methodology was adapted from previous work conducted on polythiophene : Fullerene solar cells. The recombination rate, R, can be calculated using the injected carrier density n and the carrier life time, τ. Carrier recombination for both n-doping PCBM coated TiO2 and TiO2 control were compared [26] . Recombination rates as a function of Voc show a nearly two-fold reduction after the introduction of the n-doping interface layer near 1 sun operating condition. The reduction in the recombination rate for the n-doped PCBM coated device is due almost entirely to the reduced injection carrier densities as opposed to improvements in the carrier lifetime.Voc decay measurements show that the concentration of photo-generated carriers decreases when n-doped PCBM is present while the recombination lifetime increases. This means that apart from passivating the interface traps, n-doped PCBM layer also enhances the injection of carriers from PbS into the electrode, leading to lower accumulated carrier density in PbS.
We note that recent works on perovskite solar cells have also used a PCBM monolayer on mesoporous TiO2 electrodes [27, 28] . This has been found to accelerate charge extraction, an improvement attributed to improved mobility of electrons in PCBM compared to TiO2. The device reported herein has, by contrast, a planar architecture, and better transport within the added intervening layer is not the primary source of benefit. Instead, reduced interface recombination dominates the improvement. We note also that previous studies of PCBM as the main electron transporting electrode in CQD solar cells [15] led to suboptimal performance, and we suggest that the TiO2:PCBM combination is highly desirable, with PCBM acting as an intermediate-energy relay on the path to the TiO2 in which electrons are rapidly swept to the FTO ( Figure S2 ). Our results also indicate that, only with the deliberate doping of PCBM, is a substantial net performance improvement achieved.
Electrode interfaces have a sizeable contribution to recombination losses in CQD solar cells.
We showed herein that PCBM can be used successfully as a low trap density buffer layer at interface, reducing interface recombination. In addition, its usefulness for device operation depends critically on maintaining its doping level close to that of the electrode. The work demonstrates an attractive synergy between best materials from organic and inorganic nanomaterials photovoltaics.
Experimental Section
TiO2 Deposition.
Atomic layer deposition (ALD) of TiO2 was carried out in a Cambridge NanoTech ALDSavannah system at 150 °C using Tetrakis(dimethylamido)titanium (IV) (TDMAT) and water (H2O), as the metallic precursor and oxygen source, respectively. The TDMAT precursor was heated to 75 °C. Growth per cycle (GPC) was 0.45 ± 0.01 Å/cycle for the titanium dioxide as measured by spectroscopic ellipsometry. Each ALD cycle included a 100 ms TDMAT precursor dose followed by a 20 s nitrogen gas purge step and a 15 ms H2O precursor dose followed by 20 s of purging. The substrates were further placed in a 120 mmol solution of TiCl4 in deionized (DI) water and heated in an oven for 30 min at 70 °C. Next, the samples were removed from the solution, rinsed with DI water and sintered on a hot plate for 45 min at 520°C.
Photovoltaic Device Fabrication.
N-doped PCBM solution was prepared in the nitrogen glovebox according to following procedure. 0.81 mg tetrabutylammonium iodide (TBAI) was dissolved in 1 ml anhydrous chloroform, then 20 mg PCBM was introduced to the system. The resulting mixture was stirred for 5 h at room temperature. Then, the n-doped PCBM layer was deposited on the TiO2
/ FTO substrate and spin-cast at 2500 rpm for 20 seconds. PbS CQD films were deposited using a layer-by-layer spin-casting process. For the first two layers, PbS CQDs in octane (50 mg/mL) were spin-cast at 2500 rpm for 10 seconds. A TBAI solution (10 mg/mL in methanol) was then applied to the film for 30 s, followed by two rinse-spin steps with methanol. For PbS-MPA layers, a methanol solution containing 1% by volume MPA was used for the ligands exchange process, followed by two times methanol washing to remove 
Photovoltaic performance characterization.
Current-voltage characteristics were measured using a Keithley 2400 source-meter in N2 ambient. The solar spectrum at AM1.5 was simulated to within class A specifications (less than 25% spectral mismatch) with a Xe lamp and filters (Solar Light Company Inc.) with measured intensity at 100 mW cm -2 . The source intensity was measured using a Melles-Griot broadband power meter and a Thorlabs broadband power meter through a circular 0.049 cm 2 aperture at the position of the device and confirmed with a calibrated reference solar cell (Newport, Inc.). The accuracy of the power measurement was estimated to be ± 5%.
Transient photovoltage measurements.
In the photovoltage transient method, a 630 nm diode laser is used to modulate the VOC on top of a constant light bias. The pulse duration is set to 1 μs and the repetition rate to 50 Hz. For the constant light bias, a continuous wave 830 nm fibre-coupled diode laser is collimated on the active area of the solar cell under study, and photovoltage transients are measured over an equivalent intensity range of 0.0001 -5 suns, ensuring coverage of the full range of VOC 's.
The intensity of the pulsed laser was set so that the modulated VOC was less than 10 mV for VOC's larger than 100 mV, and around 5 mV for VOC's for less than 100 mV, to ensure a 
Optoelectronic Simulation.
Optoelectronic simulations were performed in SCAPS 3.0.01 modeling program. Ohmic boundary conditions were imposed on both sides. An AM 1.5 G illumination spectrum was used for the device excitation. A full material parameter list is provided in Supplementary Information (Table S3) . A band-gap of 1.1 eV was used for CQDs to account for the difference between the optical and electronic bandgaps and density of states tails. Neutral defects were introduced 0.25 eV below the conduction band of CQDs as a single effective level with a 10 16 cm -3 density and capture cross-sections adjusted to achieve the experimentally observed diffusion length of 80 nm [7] and lifetime of 120 ns [29] for a chosen mobility of 2×10 -2 cm 2 V -1 s -1 [30] . Neutral interface traps were introduced at the TiO2-CQD interface with a 10 12 cm -2 surface density. Electron affinity of 4 eV was used for PCBM, in between those of TiO2 and CQDs, allowing for an easy electron transfer from CQDs to PCBM, as suggested by photoluminescence quenching experiments [16, 31] .
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. 
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